aBStract AIM: Robotic spine surgery techniques provide reduced pedicle screw malposition and radiation exposure during surgery. The aim of this study is to review clinical and radiological results of robotic spine surgery.
introduction
Minimally invasive surgery (MIS) has become increasingly popular over the past 20 years. Advances in microsurgery have led to significant developments in spinal and cranial surgical intervention. Percutaneous systems have been developed to implement MIS in patients who have undergone instrumentation during spinal surgery. However, such systems may cause a high degree of radiation exposure for patients and operation room workers. Furthermore, unwanted results may occur because of the reliance on two-dimensional fluoroscopic images during operations (5, 20, 26, 27) . Robotic surgical systems were developed to minimize these problems by reducing potential human error and by the use of smaller incisions and minimal amounts of radiation (12, 15, 16 ).
The robotic systems used in spine surgery are known as "Robotic Assistant Systems", as opposed to surgical systems in which direct surgery is performed.
Thoracolumbar pedicle screw systems are essential elements in spine surgery and are commonly used in many spinerelated disorders, although complications are possible. Screw malpositions may cause serious complications such as injuries of the root, dural or vascular systems. The rate of screw malposition ranges from 4.9% to 13.3% (2) (3) (4) 9, 13, 14, 31) . Such malposition rates tend to be significantly higher in cervical and thoracic spine instrumentation and particularly in cases with spinal deformity. The screw malposition rates may increase to 15.7% when evaluated with the aid of computerized tomography (CT) (6, 8, 17) .
To minimize the screw malposition rate, fluoroscopy-based robotic systems were developed. Although more than ten robotic spinal systems have been recognized, there is currently only one robotic system in the spine surgery market. The Renaissance robotic system, which is known as the new generation of the previous SpineAssist robotic system, recently entered the spine surgery market.
We present here the prospective clinical results for patients who underwent a transpedicle screw (TPS) application using a robotic system and an evaluation of the clinical and radiological results.
material and methodS
We evaluated the results of a prospective study conducted at our clinic on 27 patients who underwent a thoracolumbar stabilization aided by a robotic system during 2012-2013. The patients were assessed in terms of the results obtained from preoperative dynamic radiographs, magnetic resonance imaging (MRI) and CT. Postoperative surgical results were based on CT. Preoperative and postoperative CT was performed according to the Renaissance CT protocol where a lesser dose was administered in the classical CT mode and approximately 12 cGy radiation was applied. Preoperative pedicle locations of TPSs determined in a computer medium were compared with the findings from the postoperative CT. Screw locations in the axial and sagittal planes were classified as described by Gertzbein and Robbins according to the amount of deviation (A: <1 mm, B: 1-2 mm, C: 2-4 mm, D: 4-6 mm, E: >6 mm) (6) . Each patient's pain severity was assessed by preoperative and postoperative visual analogue score (VAS).
Mean procedure duration and mean x-ray exposure time was also calculated. Procedure duration (in minutes) was defined as the amount of time between the mounting of the platform to the placement of the screw. X-ray exposure time was defined as the duration (in seconds) of fluoroscopy used from the preoperative robotic recording phase until the end of the surgery.
To reveal the effect of a learning curve, the cases were divided into two groups: Group A (the first 13 cases) and Group B (the last 14 cases).
Phases Monitored During the Surgical Process Aided by the Robotic System 1. Preoperative planning: Spinal CT images of each patient scheduled to undergo a surgical intervention are loaded onto the robot's software. The CT images must be compatible with the anatomy of the vertebrae and have a cross-sectional interval of 0.4-1.0 mm. The software transforms the loaded CT images into 3D images. The surgeon determines the vertebral segments that will undergo surgical intervention and then selects the type of intervention and the localization, diameter and length of the instruments. The instruments are placed and can be viewed and controlled in great detail in three dimensions in the sagittal, coronal and axial planes. The planning data for the patient are loaded onto the robot, located in the operating room, using portable memory units ( Figure 1 ).
Determination of the disposable clamp kit used in surgery:
A suitable platform, compatible with percutaneous or open surgery options, is selected. There are many alternative kits manufactured for this purpose, including minimally invasive Hover T, lumbar and thoracic clamp kits.
Determination of the clamp position:
Preoperative planning information is matched with the intraoperative x-ray images to allow the robot to identify the coordinates of the clamp placed in the vertebra in a 3D plane. To facilitate this process, front, rear and oblique x-ray images are obtained using a disposable 3D marker installed on the clamp, and the images are loaded onto the robot. The results (including margins of error) are provided to the surgeon. The system accepts and confirms margins of error between 0 and 1 mm. Once the surgeon approves the state, the process may continue (Figure 2 ).
Mounting the robot and motion:
The robot is stabilized on a platform placed on the clamp. To increase the stability of the platform during the procedure, a second stabilizer is placed along the spinous process or onto the sacrum. A prompt command is sent to the robot for localization after the operation spot of the surgical intervention is determined. When the robot approaches the correct coordinates, it reports the working tubes that will be used to ensure a correct trace. The surgeon then places the compatible cannula and k-wires along this trace (Figure 3 ).
Manual Procedures:
At the end of this phase, the trace determined with the k-wire is drilled and a TPS of predetermined dimensions is inserted.
StatiStical analySiS
Mean values and SDs for all variable parameters were calculated for each group. To test for the significance of the findings, statistical probability (P value) for each comparison between the groups was calculated through the 2-sample (heteroscedastic), 1-tail t test method. Within the study group, outcome measures were also compared between group A and group B. The significance level was set at P value less than 0.05.
FindingS
Of the 27 patients who underwent TPS with the aid of the robotic system, 4 (14.8%) were male and 23 (85.2%) were female. The age range of the patients was 36-72 (average: 55). Of the 27 patients, 13 (48.1%) were diagnosed with spondylolisthesis, 5 (18.5%) had a vertebral fracture and 9 (33.3%) had a degenerative lumbar stenosis. Sixty-two screws (45.6%) were implanted in Group A, and 74 screws (54.4%) were implanted in Group B. Application of a TPS by an open surgery process was performed in 16 (59.2%) patients, and percutaneous intervention was performed in 11 (40.8%) patients. The mean BMI value of the patients was 30.89 (range: 24.1-43.2). A total of 136 TPS interventions were applied to the patients. Fourteen (10.2%) of the TPSs were placed in the thoracic vertebrae, 110 (81.0%) in the lumbar vertebrae and 12 (8.8%) in the sacrum of the patients (Table I ).
The mean duration of the procedure was 59.2 minutes. The mean value of this duration was 73.2 minutes for the Group A patients and 46.1 minutes for the Group B patients. The mean duration of the procedure per screw was 15.5 minutes for the Group A patients and 8.6 minutes for the Group B patients (p<0.05) ( Table II) .
The mean duration of the x-Ray exposure time per screw was 1.8 second for the Group A patients and 0.9 second for the Group B patients. The overall mean duration of the x-ray exposure time per screw was 1.3 second (p<0.05) (Table II) .
A comparison of the findings of the preoperative planning CT and those of the postoperative CT revealed a perfect screw position for 124 screws. Screw malposition of <2 mm was observed for 10 screws, and malposition of >2 mm was observed for two screws. No neural or vascular damage was observed in the patients, and revisions were not performed due to the malposition of the screws. duration of the process in patients who undergo multi-level instrumentation is reduced because of the decrease in the period typically lost during x-ray control and determination of screw location. The superiority of the system is evident in percutaneous interventions, in patients who undergo deformity surgery and in cases of recurrence (10, 11, 33) . In our study, the mean surgical duration was 46.1 minutes in Group A patients as opposed to 73.2 minutes in Group B patients. As our experience with the robotic system increases, the shortening of the duration lost during the registration period will facilitate the process. Other important factors that determine the duration of robotic surgery are the BMI value of patients and the levels of segments that are subject to surgical intervention. X-ray imaging in the instrumentation process of the upper thoracic region is particularly difficult in obese patients with high BMI values and may complicate registration (1, 11, 15 ).
There have only been a few studies of robotic spine surgeries. These studies have reported groups with different disorders, instrumentation results, whether screws were placed correctly and deviation ratios. A review of the robotic instrumentation showed that there was 99% accuracy in screw placement and minor deviations in 1% of cases. No neurological or vascular damage was observed (11, 28) (Table III) .
In our study, the accuracy rate of pedicle screw positioning was found to be 98.5%. This rate includes the total number of accurate placements and those that were malpositioned by less than 2 mm. Two screws placed at level T8 in one patient showed 2.1 mm deviations. No neurological, vascular or dural damage was observed in the patients. It is of note that the location of the k-wire for these cases was consistent with the preoperative planning. Malposition in these two screws was due to the use of normal screws instead of cannulated screws, resulting in forcing of the pedicle and vertebral body wall due to the reduction in tolerance because the thickness of the pedicle was <2 mm. This patient was the third case operated by a robotic system. An increase in the number of such operations may reduce the possibility of errors ( Figure 4A,B) .
In patients in whom surgery using a robotic system is planned, problems may occur during the recording phase in particular. High BMI values of patients may affect preoperative descriptions in relation to the technical issues of fluoroscopy. Although we had planned robotic surgery for two of our patients in addition to the 27 patients reviewed in this study, these two patients were operated by conventional methods due to a failure of the registration between the preoperative x-ray images and the robotic software. We were unable to perform the recording process of the upper thoracic region diScuSSion The reliability of the SpineAssist robotic system was confirmed by the FDA in 2004. The SpineAssist robotic system was used on more than 2000 patients in more than 25 centers from 2005 to 2011 (4). The reason for using this robotic system is to achieve the most reliable and non-erroneous route for pedicle screws and to minimize the rate of radiation exposure during the operation.
All of the SpineAssist cases that were performed from 2005 to 2009 were studied retrospectively by Devito et al. This study included data from 673 patients, 88% of whom were treated with pedicle screws, 10% with vertebroplasty and 2% with biopsy. A total of 3271 pedicle screws were placed with the aid of the SpineAssist system (4).
In the study by Devito et al., the cases were assessed in terms of the compatibility of preoperative and postoperative CT images of TPSs. In this study, 89.3% of screws were positioned consistently with the planning phase, whereas a deviation of >2 mm was found in only 2.4% of the screws. Transient neurological deficits were observed in 0.7% of the patients. The screw malposition rate using the robotic system is lower than the deviation rates using freehand, which was reported to be 5.3-8.3% (1,11,16 ).
The Renaissance robotic system used in the present study is a second-generation SpineAssist robotic system, which was released to the market in June 2011. The new software has a higher sensitivity in the positioning process, and the transaction capacity is ten-fold faster. The software is compatible with PACS and intraoperative imaging systems. With the new system, a 3D model can be obtained by a 15-second scanning process from the exit of the 2D C-arm. The current robotic system is specially designed for surgical interventions of the thoracic and lumbar vertebrae and for use in the spinal instrumentation process and vertebral reinforcement (19) .
Because of the preoperative and intraoperative preparation phases during robotic spine surgery, robotics-assisted instrumentation takes more time in comparison with conventional approaches. However, the total surgical Recent studies have demonstrated significant increases in malignancy rates caused by exposure to X-ray radiation in surgeons who perform orthopedic, urological or neurosurgery procedures (7, 18, 21, 22, 29) . In spite of the reductions in the risk of radiation exposure by the use of lead-containing vests and lead panels in the operating room, the risk can never be reduced to zero. Robot-assisted spine surgery may greatly reduce the use of fluoroscopy.
(T2-T5) for one of the patients because the fluoroscopic images did not have the necessary quality; for the other patient, the cause was due to advanced obesity (BMI 47.3). Similar problems were encountered in other studies for the same reasons (1, 15) .
Radiation Exposure
Radiation exposure of workers in the operating room is a major problem in spinal surgery using pedicle screw systems. Factors such as the experience of the surgeon, his/her working style and the type and level of the pathology may Patients are exposed to a total of 25 mrem of radiation during a standard lung graph, 500 mrem during a hip graph and 1200-4000 mrem/min during a C-arm fluoroscopy. In view of the recommended annual limit of 2000-5000 mrem radiation, it is clearly important to consider the radiation exposure of workers in the operating room (29) .
AP and oblique graphs obtained during the preoperative planning phase of robotic spine surgery are sufficient for a typical patient. After the planning phase, extra images can be obtained to confirm the reliability of the procedure or at the request of the surgeon. On the other hand, the radiation dosage applied according to the BMI values of the patients during the surgery may vary (15, 24, 25, 29) . In the current study, the x-Ray exposure time was 1.8 second/screw for Group A patients, 0.9 second/screw for Group B patients and 1.3 sec/ screw overall. In a study using classical c-arm fluoroscopy in a cadaver model, Lieberman et al. demonstrated that the use of fluoroscopy was reduced by 98.2% in comparison with classical percutaneous TPS and robot supportive TRP interventions; a mean value of 0.7 second/screw was obtained (16). In a study of 101 patients who underwent operations using the same robotic system, Hu et al. reported a significant decrease in the use of fluoroscopy, particularly in percutaneous patients. Three studies using the previous generation SpineAssist system reported a 55-65% reduction in the use of fluoroscopy (11, 15, 25) .
In percutaneous instrumentation, the localization and orientation of screws are completely dependent on fluoroscopy. Robotic supported systems, therefore, have significant advantages. In contrast to open surgery, the incision in percutaneous interventions is applied only when the trace is compatible with the cannula. The possibility of malposition may increase as the angle of the cannula changes because of the surrounding soft tissues. Robotic systems also appear to provide significant advantages for instrumentation in cases with spinal deformities.
Although robotic surgery has many advantages, there are some problems associated with robotic systems. The 3D markers that are placed on the platform and used during the preoperative recording phase are large and may, therefore, cause difficulties in obtaining the most appropriate images by fluoroscopy. The apparatus placed during the oblique imaging phase is relatively short. It may be necessary to use lengthening apparatuses called extensions in slightly obese patients. These apparatuses may cause difficulties during the imaging phase and during installation of the platform.
In conclusion, robotic spine surgery techniques have expanded the horizon of spine surgery. The major advantages of this new technology include greater reliability in screw placement and reduced radiation exposure.
